Mineral/matrix and mineral/mineral partition coefficients were determined for clinopyroxene and phlogopite phenocrysts and their very fine-grained (chilled) groundmass from a Variscan calc-alkaline (agpaitic index = 0.6) lamprophyre dyke of minette composition from the Bohemian Massif (Křižanovice, Teplá-Barrandian Unit). This dyke is characterized by high MgO (8.9 wt. %; Mg-number = 69) at intermediate SiO 2 content (53 wt. %). The partition coefficients (D) between clinopyroxene and matrix were determined for 23 elements by laser ablation-inductively coupled plasma-mass spectrometry. Calculated clinopyroxene/matrix D values are very low, except for heavy rare earth elements (HREE) that range between 0.9 and 1.1. This suggests that HREE can be concentrated in clinopyroxene during crystallization from lamprophyre melt. In phlogopite, only 15 elements had contents above their respective detection limits. Phlogopite/matrix partition coefficients are on average higher than 1 (D Ba = 1.1, D Rb = 1.7 D Ti = 1.5) and extremely low (≤ 0.02) for light rare earth elements (LREE). On the other hand, phlogopite/matrix D values for the majority of HREE could not be determined. Taken together, during simultaneous crystallization of clinopyroxene and phlogopite phenocrysts, Th, Zr, Hf, Y and LREE are preferentially partitioned into clinopyroxene and Ba with Rb and Ti into phlogopite.
Introduction
Representative mineral/melt partition coefficients are neces sary for geochemical modeling of magmatic systems. Element partitioning between minerals and melt strongly depends, apart from pressure and temperature, also on the type of melt and changes with a higher degree of melt fractionation, i.e. lower MgO and higher SiO 2 contents (e.g. Blundy and Wood 2003; Foley et al. 2013) .
Lamprophyre melts are characterized by (i) high MgO with variable SiO 2 , reflecting their enriched or depleted mantle source and the degree of partial melting, and (ii) high contents of network-modifying elements, in particular K, Na, and P, which may change polymerization, coordination, and thus ultimately element partitioning. Because of the different content of network-modifying elements, partition coefficients determined on MORBrelated melts (e.g. Klimm et al. 2008 and references therein) or MARID-related (mica-K-amphibole-rutileilmenite-diopside) mantle-derived rocks such as lamproites (Schmidt et al. 1999; Foley and Jenner 2004) may not be applicable to lamprophyres or may vary between different types of lamprophyre. The effect of melt polymerization on trace-element partitioning was recently highlighted by Simon et al. (2013) .
Trace-element partitioning between mafic minerals and mantle-derived melt of lamprophyric composition has been discussed in only a limited number of papers. Foley et al. (1996) determined trace-element partition coefficients for clinopyroxene and phlogopite in an alkaline dyke from Budgell Harbour in north-central Newfoundland using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). This moderately evolved dyke with Mg-number [mg# = molar 100 × MgO/(MgO + FeOt)] of 60 was classified as monchiquite. In addition, Plá Cid et al. (2005) applied secondary ion mass spectrometry (SIMS) to determine trace-elements partitioning between clinopyroxene and mica from mafic enclaves containing K-clinopyroxene and pyrope-rich garnet in the Piquiri Syenite Massif, southernmost Brazil. These variably evolved very high-pressure (3-5 GPa) mafic enclaves of intermediate composition (mg# = 62-66) resemble calc-alkaline lamprophyres -minettes, but have a high agpaitic/peralkalinity index [molar (K 2 O + Na 2 O)/ Al 2 O 3 ] of 0.98-1.03 that makes them to straddle the boundary between alkaline and peralkaline rocks (Shand 1943) . Furthermore, the trace-element compositions of the enclaves are quite similar to those of silica-rich lamproites (Plá Cid et al. 2005) .
The aim of this study is to present data on the phlogopite/matrix, clinopyroxene/matrix, and clinopyroxene/ phlogopite trace-element partitioning in a calc-alkaline lamprophyric system with mg# close to a value of mantle-derived melts. The investigation was performed on a fresh minette dyke from the Bohemian Massif, a classical terrain from which lamprophyres were described first (Gümbel 1874) . The studied dyke is little affected by fractionation and contains compositionally homogenous phenocrysts of mafic mica and clinopyroxene showing textures of coeval crystallization and -along chilled dyke margins -surrounded by aphanitic matrix.
Geological setting
The Křižanovice dyke belongs to a wider dyke swarmexposed between the villages Křižanovice and Samařov -intruding a mylonitised zone close to the exocontact of a Variscan biotite tonalite of the Železné hory (Nasavrky) composite Pluton (e.g. Hájek et al. 1997 ; Fig. 1 ). Lamprophyric dykes of the Železné hory Mts. were first studied by Němec (1991) and later by Krmíček et al. (2008) and Krmíček (2011) . The dykes correspond both to typical calc-alkaline lamprophyres (minettes-kersantites) and to transitional types of lamproitic affinity, mineralogically corresponding to cocites sensu Rock (1991) . Cocites from the Bohemian Massif are characterized -in comparison with typical lamprophyres and lamproitesby a remarkable negative Eu anomaly, an extremely high positive Pb anomaly, and an unusually high Sm/La ratio (Krmíček 2011; Krmíček and Romer 2013) . These rocks share many compositional characteristics with so-called lamproites (in fact rocks of lamproitic affinity) from the Alpine-Himalayan orogen (e.g. Tommasini et al. 2011; Fritschle et al. 2013; Prelević et al. 2013 and references therein). They do not, however, fit the lamproite classification criteria of Mitchell and Bergman (1991) .
Dykes of the Křižanovice-Samařov zone belong to the calc-alkaline lamprophyres. The freshest material was available from shafts and boreholes drilled in the 1980's for barite-sphalerite prospection. The dykes strike approximately E-W, dip steeply to the S and are up to 1 m thick. The Křižanovice dyke exhibits a simple zonation with an aphanitic (chilled) margin at the contact with its sericite quartzite host. The dyke was uncovered during the construction of a prospection shaft (15.7512678°E, 49.8579533°N) and samples taken by D. Němec were deposited in the Moravian Museum in Brno.
Analytical methods
Thin sections of the Křižanovice dyke were studied using conventional optical and cathodoluminescence microscopy. The latter was carried out at Masaryk University using a microscope-equipped hot cathode HC2-LM (Simon Neuser, Bochum) with an accelerating voltage of 14 kV and beam density of 10 μA/mm 2 . Hájek et al. (1997) and Klomínský et al. (2010) .
Mineral analyses were performed at the Laboratory of Electron Microscopy and Microanalysis, jointly operated by the Masaryk University (Brno) and the Czech Geological Survey, using a CAMECA SX100 electron microprobe. It was operated at 15 keV acceleration voltage and 10 nA beam current. Mineral analyses were carried out with a 10 μm wide beam, whereas the majorelement matrix composition was determined as average from analyses obtained with a defocused beam 100 μm wide. The following standard materials were used for calibration: albite (Na), sanidine (Si, K and Al), andradite (Ca), almandine (Fe), MgAl 2 O 4 (Mg), benitoite (Ba), spessartine (Mn), titanite (Ti), apatite (P), gahnite (Zn), chromite (Cr), V (V), Ni (Ni), topaz (F) and NaCl (Cl). Analyses were done using K α (Na, Si, K, Al, Ca, Fe, Mg, Mn, Ti, P, Zn, Cr, V, Ni, F and Cl) and L β (Ba) lines. The raw data were reduced using the PAP matrix correction (Pouchou and Pichoir 1985) . Mineral compositions and formulae are listed and discussed in atoms per formula units (apfu) and X Mg [Mg/(Mg + Fe)].
Trace-element contents in clinopyroxene, phlogopite and matrix were analysed by LA-ICP-MS in the Laboratory of Atomic Spectrochemistry, Department of Chemistry, Masaryk University. The equipment consists of a New Wave UP 213 laser ablation system and an Agilent 7500ce ICP-MS. The laser-ablation system consists of pulsed Nd:YAG laser operating at 213 nm with a pulse duration of 4.2 ns and a laser ablation cell -SuperCell (33 cm 3 ). Calibration of LA-ICP-MS conditions was done using the glass reference material NIST SRM 612. The SiO 2 values were used as an internal standard. Average SiO 2 contents in the matrix are 53 wt. %, which is fully compatible with the SiO 2 content of the whole rock recalculated on a volatile-free basis. Whole-rock chemical analysis was carried out at the ACME Analytical Laboratories Ltd, Vancouver, Canada, using ICP-ES (major oxides, Ba, Ni, Cu, Pb, Zn) and ICP-MS (Co, Cs, Hf, Nb, Rb, Sr, Ta, Th, U, V, Zr, Y and REE).
Laser ablation was performed with a 65 μm wide laser beam, a 10 Hz repetition rate and fluence of 6 J cm -2 . The various element concentrations were determined using the following masses and their typical detection limits:
7 Li (25 ppm), 24 Mg (4 ppm 
Results

Petrography of the Křižanovice lamprophyre
Following the nomenclature of calc-alkaline lamprophyres, also referred to as "true lamprophyres" (Krmíček 2011), "shoshonitic lamprophyres" (Rock 1991) or "potassic lamprophyres" (Scarrow et al. 2008 and discussion therein), the studied dyke corresponds to minette. The rock has a porphyritic (lamprophyric) texture with phenocrysts (up to 0.5 mm) and microphenocrysts (0. The Křižanovice dyke is furthermore characterized by high contents of large-ion lithophile elements (LILE) (Ba = 2650 ppm, Sr = 1050 ppm) as well as by high LILE/HFSE (high-field-strength elements) ratios (e.g. Ba/Nb = 217). The dyke also has high rare earth element contents (ΣREE = 650 ppm), a very high LREE/HREE ratio (e.g. Ce/Yb = 138) and the chondrite-normalized pattern lacks an Eu-anomaly (Eu/Eu* = 0.97). The Křižanovice dyke shows pronounced negative Nb-Ta and Ti anomalies relative to chondritic abundances, a feature known solely from calc-alkaline lamprophyres (Rock 1991).
Major-element composition of clinopyroxene and mica
Both clinopyroxene and dark mica from the analysed sample show relatively homogeneous compositions with restricted variation between core and rim and, therefore, reflect crystallization in equilibrium with the parental magma.
Clinopyroxene crystals display normal zoning with Mg-rich augite/diopside cores (X Mg up to 0.86) and diopside rims (X Mg = 0.82; Fig. 3 ; Tab. 2). Calcium concentrations vary in a relatively narrow range (0.88-0.91 apfu), as do Si (1.87-1.94 apfu) and tetrahedral Al (0.06-0.13 apfu). Chromium contents generally are below 0.01 apfu.
The major-element geochemistry of dark micas is listed in Tab. 3. All analysed crystals correspond to phlogopite (Fig. 4) Fig. 6 ).
In phlogopite/matrix pairs, only 15 elements had concentrations above detection limit (Cs, Ba, Rb, Sr, U, Th, Ta, Zr, Hf, Ti, Y, La, Ce, Pr and Nd). Phlogopite/matrix partition coefficients are greater than 1 for Ba (1.11) and Rb (1.66) (Fig. 7, Tab. 4 are partitioned into clinopyroxene, whereas Ba (0.03), Cs (0.24), Rb (0.15), Ta (0.21) and Ti (0.24) strongly fractionate into phlogopite (Fig. 8) .
Discussion
The main purpose of this paper is to present a representative set of D-values for a typical calc-alkaline lamprophyre. The differences in trace-element partitioning coefficients between our study and those of Foley et al. (1996) and Plá Cid et al. (2005) can generally be explained as follows: (1) different alkalinity and degree of evolution of the studied "lamprophyre" system and (2) distinct P-T conditions of crystallization of individual phases. The clinopyroxene/matrix D values for HREE are ~1, which is c. 3 times higher than the partition coefficients of Foley et al. (1996) observed in clinopyroxene growing from an alkaline melt. This suggests that HREE are partitioned into clinopyroxene to much higher extent than indicated by Foley et al. (1996) . Actually these higher clinopyroxene/ matrix D values are in line with results from near-solidus melting experiments of on spinel lherzolite producing melt of basaltic composition (Blundy et al. 1998 Foley et al. (1996) and Plá Cid et al. (2005) Cpx/matrix D (this study) 1σ
Cpx/matrix D (Foley et al. 1996) Cpx/matrix D (Plá Cid et al. 2005) Phl/matrix D (this study) 1σ
Phl/matrix D (Foley et al. 1996) Phl (Foley et al. 1996; Plá Cid et al. 2005 and this study). Not plotted are clinopyroxene/matrix D Ba values << 0.001. Order of elements according to Foley and Jenner (2004) .
the partitioning of Y. The clinopyroxene/matrix D Y determined in this study is 0.72, whereas Foley et al. (1996) (Foley et al. 1996; Plá Cid et al. 2005 and this study).
ter case, the two types of dykes in the Železné hory Mts. could have been derived by repeated low-degree partial melting of previously metasomatised (phlogopitised) upper mantle. The early melts would not have exceedingly high Rb contents unless phlogopite was completely consumed during melting and Rb released during melting of phlogopite would be partitioned between melt and residual phlogopite. Subsequent partial melting consuming residual phlogopite would produce melts initially strongly enriched in Rb. Such a two-step process for the formation of cocites, with an early modification of the metasomatised mantle and subsequent decomposition of residual phlogopite, also may explain why cocites are rare. During simultaneous crystallization of clinopyroxene and phlogopite phenocrysts, Th, Zr, Hf, Y and LREE were preferentially partitioned into clinopyroxene. The apparent exclusion of these elements from the phlogopite structure is driven by the unfavourable effective ionic radii and charges of these ions. Effective ionic radii are strongly dependant on charge and on coordination (e.g. Shannon 1976). Considering the six-fold coordination with oxygen (Schmidt et al. 1999) , and Hf 4+ (see Schmidt et al. 1999) . Zirconium and Hf partitioning into clinopyroxene, however, could be significantly affected by the crystallization of Zr-sequestering phases reflecting the peralkalinity of the system. Whereas zircon as major Zr-carrier is typically not present in calc-alkaline lamprophyres, accessory titanite may dominate the Zr budget of these rocks (Seifert and Kramer 2003) . Zircon and titanite are not known from the Křižanovice dyke and, therefore, clinopyroxene seems to be the major Zr and Hf host, at least in the studied calc-alkaline lamprophyre. The contrasting fractionation behaviour of the two trace-element groups (Th, Zr, Hf and LREE vs. Ba, Cs, Rb, Ta and Ti) into clinopyroxene and phlogopite, respectively, will result in different trace-element signatures depending on the fractionation history of the rock. The two element groups will uncouple from each other if clinopyroxene or phlogopite crystallizes and will behave coherently if clinopyroxene and phlogopite crystallize.
Conclusions
Phlogopite/matrix, clinopyroxene/matrix and clinopyroxene/phlogopite partition coefficients were determined for a calc-alkaline lamprophyre with Mg-number close to those of typical mantle-derived melts. Among the clinopyroxene/matrix partition coefficients for trace elements, only those for HREE are close to unity. Phlogopite/matrix partition coefficients are high for Ba, Rb and Ti, whereas those for LREE (and by inference HREE) are very low ( phlogopite/matrix D ≤ 0.02). Thus, during simultaneous crystallization of clinopyroxene and phlogopite phenocrysts, Th, Zr, Hf, Y and LREE are preferentially partitioned into clinopyroxene, and Ba with Rb and Ti into phlogopite.
